The aim of the present research was to gain further insight into the differences of the trichloroethylene photodegradation routes when using TiO 2 (Degussa P25) and protonated titanate nanotubes (H 2 Ti 3 O 7 ). These last materials present structural hydroxyls that, along with the surface OH groups present in both photocatalysts, could mediate in the mineralization of the pollutant. In order to obtain a realistic view, an operando Diffuse Infrared Fourier Transform Spectroscopy (DRIFTS) approach has been adopted for surface analysis during the photocatalytic oxidation. The study revealed that the trichloroethylene mineralization yield on the titanate nanotubes calcined at 300ºC was better than the one obtained with the benchmark photocatalyst Degussa P25. In particular, the synthesized nanotubes showed the selective removal of some specific hydroxyl groups, suggesting that their high density and, probably, the specific characteristics of their hydroxyl species can be responsible of the enhanced dechlorination photoactivity exhibited by these nanotubular structures.
Introduction
Trichloroethylene (TCE) is a widespread pollutant in soils, aquifers and air streams [1] due to the fact that it has been extensively used as a solvent and degreasing agent in many industrial processes. Photocatalytic removal of this Volatile Organic Compound (VOC) has been frequently considered as an adequate remediation technique because TCE can be degraded with very high photonic efficiency [2, 3] . However, in dry air streams, the formation of highly toxic COCl 2 (phosgene) takes place according to [2] : C 2 HCl 3 + 2 3 O 2 → COCl 2 + HCl + CO 2 (1) In addition, dichloroacetyl chloride (DCAC), molecular chlorine and CO can be also detected in the outlet, depending on the reaction conditions [4] . The presence of water vapour could provide the hydrogen atoms required for the complete mineralization of TCE according to [5] :
Surface hydroxyl groups of TiO 2 have been reported to play a significant role in photocatalytic processes, acting as adsorption centres and electron donors in the formation of highly oxidant OH • radicals [6] . Accordingly, it is expected that these surface species mediate in the mineralization of TCE. However, as molecular scale studies of photocatalysts are relatively scarce, the interactions of surface hydroxyls and organic molecules under illumination are still not fully understood. More recently, photocatalysts that present structural hydroxyls, such as protonated titanate nanotubes with H 2 Ti 3 O 7 stoichiometry, have attracted a significant deal of interest [7, 8] but little is known about the possible participation of these moieties on photoinduced reactions.
Photocatalytic degradation of TCE over TiO 2 and ZnO has been investigated by Fourier Transform Infrared (FTIR) spectroscopy [6, 9, 10] . These studies have identified dichloroacetate as the main adsorbed intermediate. Moreover, a different reactivity of pristine and used photocatalyst surfaces is suggested, in good agreement with the evolution of the photoactivity observed in independent reports [11] . Nevertheless, these studies were performed under idealized conditions, using reduced pressures of reagents and static atmospheres, while real applications take place in air streams at atmospheric pressure. Consequently, some relevant aspects of the process may have been overlooked in these pioneering spectroscopic analyses. In order to obtain a more realistic view, in the present study Diffuse Infrared Fourier Transform Spectroscopy (DRIFTS) with an operando approach has been adopted for surface analysis, which, as previous reports have confirmed, can provide valuable information about the mechanism of photocatalytic reactions [12] . In this work, the photoactivity for TCE degradation of titanate nanotubes, both as obtained after hydrothermal treatment and further calcined at 300ºC, was compared with the benchmark photocatalyst TiO 2 P25 in order to gain further insights on the possible differences on the TCE photodegradation routes.
Experimental Section

Synthesis of titanate nanotubes
The Ti-based nanotubular structures were obtained by hydrothermal treatment of commercial TiO 2 Degussa P25 (Evonik Degussa Corporation). For this purpose, 1 g of P25 was hydrothermally treated at 130ºC in 70 mL of 10M NaOH in a Teflon-lined autoclave, for a period of 72 hours. The mixture was stirred for 30 min before and after the thermal treatment. In a second stage, the obtained powder was thoroughly washed in diluted HNO 3 and distilled H 2 O. The powder was recovered from the solution by centrifugation and then dried at 100ºC overnight. A part of the synthesized material, labeled as TiNT-300ºC, was calcined for 3h at 300ºC.
Textural and structural characterization
BET surface area and average pore diameter values ( 
Photocatalytic Activity Measurements
The photocatalytic oxidation of gas-phase trichlotoethylene was studied in a continuous plug flow flat photoreactor described in detail elsewhere [5] . This reactor was constructed in stainless steel except for the top window of borosilicate glass with low iron content. The photocatalyst samples were coated, after dispersion in 2-propanol, on a microscope slide that was located under the glass window. 
DRIFTS experiments were carried out in a Thermo Nicolet 5700 spectrometer equipped with a liquid N 2 -cooled MCT detector and a Harrick three windows DRIFT high-temperature cell. Two of the catalytic chamber windows, made out of BaF 2 , were used for IR transmission, and the third window was made out of quartz to allow the irradiation of the photocatalyst during the operando study of TCE photocatalytic oxidation. As irradiation source, two UVA Philips TL-8W/05 fluorescent lamps were used. The spectra were registered after accumulation of 64 scans at a resolution of 4 cm -1 . A continuous gas flow rate of 30 ml/min was applied, consisting of a mixture of TCE (ca. 65 ppm) and air. High purity dry gases, with residual water content lower than 5 ppm, were used for blending.
Results
Structural and morphological characterization of the studied photocatalysts
N 2 adsorption-desorption isotherms and pore size distributions, obtained from the adsorption branch of the isotherms, are displayed in Figure 1 . Textural properties are summarized in Table 1 . Degussa P25 shows an isotherm which has been usually described as type II, typical of non-porous or macroporous materials (pore size > 50 nm) [13] , with a very low nitrogen uptake up to a relative pressure of ca. 0.8. The synthesized nanotubes exhibit type IV isotherms, associated to mesoporous materials, whose hysteresis loops can be described as intermediate of type H1 and H3. Type H1 is generally associated to mesoporous materials with uniform pores, while H3, characterized by the absence of a plateau at high relative pressures, is related to the presence of aggregates of laminar particles giving rise to slit-shaped pores [14] . Similar observations have been previously reported for titanate nanotubes [15, 16] . Multimodal pore size distributions were obtained, with two small contributions at 2.3-2.6 nm and 3.9-4 nm, related to the inner diameter of the nanotubes, and a main feature centred at 25 nm which corresponds to the void space among nanotubes. No marked differences were observed in the textural properties of non-calcined TiNT and TiNT-300ºC;
however, the slight decrease in the specific surface area, accompanied by a small increase in the total pore volume, seems to be associated with a larger contribution of small mesopores for calcined nanotubes. TiNT pattern shows a notably lower intensity and the identified peaks at 10.7, 24.9, 44.0, 48.9 and 62.2 º can be assigned to the protonated layered titanate. The reflection at ca. 10.7º is attributed to the interlayer spacing in the nanotube wall. In the sample treated at 300ºC, no significant differences were observed with respect to the noncalcined material, but a slight shift to larger angles of the peak around 10º, which indicates a decrease in the spacing between the nanotube walls (d 200 ) [17] , and a slight shift of the peaks at 24.9 and 48.9, indicative of the incipient transformation of the titanate structure into anatase.
The TEM analyses evidenced that, while P25 is constituted by prismatic particles with size ranging from 50 to 15 nm, hydrothermally treated samples show a nanotubular structure. Figure 3 reveals that this morphology is still maintained in the sample after calcination at 300ºC, which presents an entangled mass of nanotubes with very high aspect ratio. In fact, thermal treatment seems to promote the flawless scrolling of titanate sheets, as more uniform and well-formed nanotubes can be observed for the sample calcined at 300ºC.
Characterization of structural and adsorbed water on the photocatalysts
TGA curves ( Figure 4 ) allowed estimating the total weight loss percentages of the samples with temperature in the 30-800ºC range, presented in [18] .
In the 3775-3600 cm -1 region several narrow peaks are observed for P25 that are related to isolated hydroxyls or OH groups experiencing weaker intermolecular interactions. The presence of different components indicated the presence of more than one local structure for each type of hydroxyl species. At room temperature, three different bands can be identified in this area. The peaks at 3690 and 3630 cm -1 correspond to the stretching modes of free OH groups on Ti 4+ of anatase, which interact with multilayer water [18] , while the peak at 3648 cm -1 corresponds to Ti-OH on rutile [19] . At increasing temperatures, the intensity of the broad band at 3600-2500 cm -1 rapidly decreases due to water removal, while a peak appeared at 3415 cm -1 , which has been tentatively related to hydroxyl groups on rutile crystals [19] . As the temperature rose, two narrow peaks became more evident at 3715 and 3670 cm -1 . The first one can be ascribed to the stretching mode of terminal OH groups on Ti 4+ centers, while the second one can be assigned to bridging hydroxyls, whose proton is expected to be weakly bonded [18, 20, 21] .
In the case of the titanate nanotubes, due to their considerably larger surface area, the intensity of the hydroxyl bands was almost one order of magnitude higher than in the case of TiO 2 . Additional differences can be clearly observed when comparing both materials. Besides the expected absence of vibrational modes of Ti-OH on rutile, the predominance of one type of hydroxyl groups when increasing the temperature from 30 to 200ºC became evident. The band, at 3670 cm -1 , can be probably ascribed to bridging hydroxyls on the titanate nanotubes surface. Other prominent peak at 3725 cm -1 , which becomes evident at T  100ºC, can be assigned to terminal hydroxyls. On one hand, the rate of water removal with temperature was significantly lower in TiNT than in TiO 2 P25, as estimated from the area under the curves. This is consistent with the fact that the crystallographic water from the protonated titanate nanotubes is less easily withdrawn than physisorbed or chemisorbed water. In the case of Degussa P25, adsorbed water was almost completely removed slightly above 200ºC. produce COCl 2 and CO x [23, 24] . This is consistent with the fact that DCAC concentration in the outlet was rather small, while the intensity of COCl 2 and CO 2 signals was relatively high (Figure 7 ).
Photocatalytic oxidation of trichloroethylene (TCE) -Gas phase analysis
As it can be inferred from the data summarized in Table 2 , titanate nanotubes inhibited the COCl 2 release, favouring the selectivity of CO 2 . This fact was accompanied by a higher production of HCl and a lower detection of CO indicating that the mineralization process was enhanced in the case of the nanotubular photocatalysts.
The calcination of TiNT sample at 300ºC led to an improvement in the photoactivity that resulted in a TCE conversion comparable to that of Degussa P25, but with a better selectivity to CO 2 .
Operando DRIFTS study of the photocatalytic oxidation of TCE
Operando analysis of the photocatalysts surface during the photo-oxidation of TCE was conducted on an attempt to explain the different performance observed for the titanate nanotubes with respect to TiO 2 nanocrystals. seems that these species are not formed in significant amounts. Yet, a more detailed assignment is required in order to further establish the differences between samples, which are remarkable, as it can be appreciated in Figure 8 . Deconvolution of the spectra for TiO 2 and calcined nanotubes, shown in Figure 9 , reveals that at least three different carboxylate species, with different coordination symmetry (e.g. bridged dichloroacetate, bidentate formate…) are present on the surface of these samples. In the case of the untreated nanotubes, the spectrum is dominated by strong bands at 1558 and 1542 cm -1 , which can be attributed to the asymmetric vibration of additional carboxylate complexes, with either different topology or coordinated to some specific sites of the surface of these nanostructures. According to this assignment, the main difference between TiO 2 and nanotubes seems to be the larger proportion of formate species for the two titanate samples, which is more prominent for the case of the non-calcined sample TiNT. A summary of all these assignments is outlined in Table 3 . On the other hand, the intensity of the bands in this region is notably higher for the nanotubes calcined at 300ºC than for the other samples, which present much more similar absorbance. This fact is probably due to the combination of large surface area and relatively high photoactivity of these thermally treated nanotubes, which promote the building up of reaction products. In contrast, bridging OH groups were consumed during TCE photodegradation for the three catalysts, as evidenced by the decreasing peak at 3690 cm -1 . However, significant differences can be observed between the behaviour of the commercial photocatalyst Degussa P25 and the home-synthesized titanate nanotubes.
Under irradiation Degussa P25 experienced the perturbation of different types of hydroxyl groups, as pointed out by the negative peaks at around 3690, 3685, 3670 and 3630 cm -1 . This intensity loss is associated with an adjacent positive feature which can be related to the hydrogen bonding with TCE or the products of its degradation [9] . On the other hand, the spectra of titanate nanotubes were dominated by a strong negative band centered at ca. 3682 cm -1 , accompanied by the loss of coordinated water molecules, as shown by the broad negative band centred at about 3200 cm -1 . These results indicate a remarkable specificity of the hydroxyls involved in the photocatalytic reactions on nanotubes. In addition, it is worth mentioning that in contrast to the case of carboxylates, the intensity of these bands is relatively similar for all the samples, although the larger hydroxyl losses correspond to the nanotubes. The evolution profiles of hydroxyl groups on the samples surfaces during the photocatalytic reaction, extracted from the peak height at ca. 3690-3682 cm -1 of the spectra in Fig. 9 , are shown in Fig.   11 . An opposite tendency can be observed for the build-up carboxylates on the surface, as estimated from the intensity of the band at ca. 1580 cm -1 . These facts suggest that the following reaction between photogenerated DCAC and specific bridging hydroxyls is taking place according to:
Therefore, these centres seem to participate in dechlorination reactions which are crucial for TCE mineralization. Nevertheless, while hydroxyls decay tends to approach an asymptotic value for longer irradiation periods, carboxylates show a more gradual, almost linear growth. This fact suggests that other species can be also contributing to the more rapid consumption of these active hydroxyls centres. However, as photoactivity is very stable for all catalysts, it seems that these species are in a dynamic equilibrium, with significant number of centres still available for adsorption and surface reaction. According to the obtained reactivity data, the degradation of DCAC, adsorbed as dichloroacetate, can be considering the rate determining step [4] , while the detection of adsorbed COCl 2 on P25 may be related to the higher difficulty in degrading this byproduct on TiO 2 as compared to titanate nanotubes.
Despite the complexity of the surface composition of these nanostructured catalysts under operando conditions, some similarities in the behaviour of the three photocatalysts can be extracted from these results. Leaving apart changes in coordination and relatively small variations in intensity, surface complexes are similar for the three samples, suggesting that photodegradation occurs in a similar way in all cases. Dichlorocetate and other carboxylates are the predominant surface species, and progressively accumulate on the photocatalytic surface. Simultaneously, hydroxyl groups are consumed, and this fact can be related to the interaction of DCAC and other intermediates with these centres. Previous studies have revealed the relevance of adsorbed water and hydroxyl to promote TCE photocatalytic mineralization [5] .
However, this study shows that highly specific reactivity of the hydroxyls can be crucial for the hydrolysis of phosgene on nanotubes, although further studies are required to confirm this point.
Conclusions
The present study indicates that after thermal treatment the titanate nanotubes retain most of the physicochemical characteristics of the hydrothermally prepared sample, such as large surface area and high water content, but the photocatalytic activity is greatly enhanced. In particular, titanate nanotubes calcined at 300ºC present better TCE mineralization yield than the benchmark photocatalysts TiO 2 P25.
The present operando DRIFTS study has revealed some relevant differences between the studied catalysts, although the TCE photo-oxidation mechanism is similar in general terms. In particular, the nanotubes suffer the selective removal of some specific hydroxyl groups, very likely due to the progressive accumulation on the photocatalyst surface of carboxylate complexes (mainly dichloroacetate and formate) and/or chloride. The obtained results suggest that the high density, and probably the specific characteristics of the hydroxyls species, which seem to favor dechlorination processes, are responsible for the enhanced selectivity to CO 2 of the nanotubes. 
